Abstract. To examine the behavior of microtubuleassociated proteins (MAPs) in living cells, MAP 4 and MAP 2 have been derivatized with 6-iodoacetamidofluorescein, and the distribution of microinjected MAP has been analyzed using a low light level video system and fluorescence redistribution after photobleaching. to microtubules in vivo exchanged with soluble MAPs at rates exceeding the rate of tubulin turnover. These data imply that microtubules in interphase cells are assembled with constantly exchanging populations of MAP. Metaphase cells at 37°C or 26°C showed similar mean redistribution half-times for both MAP 2 and MAP 4; these were 3-4 fold faster than the interphase rates (MAP 2, tv2 = 14 + 6 s; MAP 4, tta = 17 + 5 s). The extent of recovery of spindle fluorescence in MAP-injected cells was to 84-94% at either 26 or 37°C. Although most metaphase tubulin, like the MAPs, turns over rapidly and completely under physiologic conditions, published work shows either reduced rates or extents of turnover at 26°C, suggesting that the fast mitotic MAP exchange is not simply because of fast tubulin turnover. Exchange of MAP 4 bound to telophase midbodies occurred with dynamics comparable to those seen in metaphase spindles (t~/2 = ,x,27 s) whereas midbody tubulin exchange was slow (>300 s). These data demonstrate that the rate of MAP exchange on microtubules is a function of time in the cell cycle.
to microtubules in vivo exchanged with soluble MAPs at rates exceeding the rate of tubulin turnover. These data imply that microtubules in interphase cells are assembled with constantly exchanging populations of MAP. Metaphase cells at 37°C or 26°C showed similar mean redistribution half-times for both MAP 2 and MAP 4; these were 3-4 fold faster than the interphase rates (MAP 2, tv2 = 14 + 6 s; MAP 4, tta = 17 + 5 s). The extent of recovery of spindle fluorescence in MAP-injected cells was to 84-94% at either 26 or 37°C. Although most metaphase tubulin, like the MAPs, turns over rapidly and completely under physiologic conditions, published work shows either reduced rates or extents of turnover at 26°C, suggesting that the fast mitotic MAP exchange is not simply because of fast tubulin turnover. Exchange of MAP 4 bound to telophase midbodies occurred with dynamics comparable to those seen in metaphase spindles (t~/2 = ,x,27 s) whereas midbody tubulin exchange was slow (>300 s). These data demonstrate that the rate of MAP exchange on microtubules is a function of time in the cell cycle. M ICROTUBULE-ASSOCIATED proteins (MAPs) t are a group of molecules that were first defined on the basis of their ability to bind to and promote the assembly of tubulin in vitro (for reviews, see references 29 and 48) . A number of types of MAPs have now been identiffed. These include (a) the major MAPs from neural tissues (MAP 1, MAP 2, and tau); (b) a group of thermostable MAPs of 200-240 kD, originally isolated from cultured cells, and including 210-kD HeLa MAP (6), MAP 4 from mouse neuroblastoma cells and mouse tissues (32, 34) , and 205 kD MAP from Drosophila (19) ; and (c) a complex group of polypeptides called chartins (26) . Immunofluorescent analyses have indicated that most of these MAPs are associated with microtubules in vivo as well as in vitro. However, it is also clear that not all microtubules have an equivalent
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complement of MAPs. For example, MAP 1 from brain is widely distributed in cultured cells and is found in both neuronal and glial cell types in brain (4) . In contrast, MAP 2 is primarily localized to cell bodies and dendrites (1, 8) , while tau is in axons (2) . MAP 4 has been found in a number of adult mouse tissues, but it is restricted to the microtubules of only a subset of cell types within each tissue (32, 35, 36) . MAP 4 also occurs both in oocytes and early mouse embryos, but is absent from mature sperm (32; Olmsted et al., manuscript in preparation).
While the distribution and biochemistry of these MAPs are now becoming clear, little is yet known about how these MAPs act during the assembly and functioning of microtubules in cells. The increased synthesis of MAP 4 (30, 31) , MAP 1 (16, 20) and tau (15, 16) during neurite elongation has been interpreted to indicate that these MAPs are significant in the organization of cytoskeletal microtubules during the development of cell asymmetry. Whether these MAPs might potentiate microtubule initiation or organiza-tion, or stabilize microtubules after polymerization is still not clear. Injection of a monoclonal antibody raised to the 210-kD HeLa MAP into prometaphase cells resulted in the slow dissolution of spindle birefringence and a decrease in the frequency of successful anaphase motions, suggesting a possible function of this MAP in mitotic events (22) . However, to develop an understanding of how MAPs interact with tubulin, it will be necessary to study the behavior of these molecules directly in living cells.
During the last several years, the techniques of fluorescence analogue cytochemistry have provided a means for examining the dynamics of molecules in living cells. Several studies (23, 38, 40, 42, 45, 51, 52) have documented that labeled tubulin equilibrates rapidly with existing microtubules in situ. The kinetics of this equilibration have been further analyzed using the technique of fluorescence redistribution after photobleaching (FRAP). Studies on mammalian cells indicate that tubulin molecules exchange surprisingly rapidly with microtubules. This exchange appears to be about ten times faster in mitotic spindles (tm/2 "-,11-40 s) than in interphase microtubule networks (t,,2 ,,~200 s) (40, 52) . While recent work shows that observation and photobleaching of microtubules made with fluorescent tubulin may affect microtubule integrity (50) , the swift exchange of tubulin with microtubules in vivo has been shown with diverse methods and is not in doubt (10, 11, 27, 42) . Analyses of derivatized MAP 2 injected into cells have also been initiated (41, 49; this report). While MAP 2 does not occur in nonneuronal cell types, injected MAP 2 has been found to co-distribute with microtubule arrays in both interphase and mitotic cells in neuronal and nonneuronal cells. FRAP analyses have suggested that MAP 2 exchanges slowly (t~2 ",,5 min) with microtubules in interphase cells (41) .
In the current study, we have examined the dynamics of MAP 2 and MAP 4 in both mitotic and interphase cells. While MAP 2 is found largely in ceils of neuronal origin, MAP 4 (34, 35) and the 210-kD HeLa MAP (7, 22) are present in diverse cell types and are found in spindles by immunocytochemistry. By comparing the behavior of the two different MAPs with the data on tubulin dynamics obtained previously, we show here that both these molecules exchange with the microtubule surface at rates that vary as a function of time in the cell cycle.
Materials and Methods

Preparation and Derivatization of MAPs
MAP 2. Bovine brain microtubules were obtained by temperature-dependent cycles of assembly-disassembly with (44) or without (5) glycerol. The preparation of derivatized MAP 2 was carried out as described by Scherson et al. (41) except for the modifications listed below. MAP 4. MAP 4 was prepared from a variety of cells and tissues using one of the following methods:
(a) Taxol-driven assembly. Cell extracts (usually mouse neuroblastoma cells, mouse L cells, or HeLa cells) were prepared by homogenization of 1 vol of packed cells with 1 vol of 0.1 M Pipes, ! mM MgCI2, 1 mM EGTA, 1 mM GTP, pH 6.9 containing 1 mM DTT, 1 ,ag/ml pepstatin, l ,ag/ ml leupeptin, and 1 mM PMSE After centrifugation at 30000 g for 20 rain (18,000 rpm, SS 34 rotor; Sorvall Instruments Div., part of DuPont Co., Newton, CT), the supernatant was removed and centrifuged at 100,000 g for i h (40,000 rpm, Ty 65 rotor; Beckman Instruments Inc., Paio Alto, CA). Taxol stabilized microtubules were then prepared from these extracts as described by Vallee (47) .
(b) Incubation of thermostable extracts with taxol-stabilized, MAPdepleted microtubules. Extracts were prepared from mouse tissues (liver, lung, and/or heart) as described above except that tissues were homogenized using a ratio of 1 g tissue/l ml buffer. The extracts were boiled for 5 rain and then chilled to 0*C. After centrifugation at 18,000 rpm for 40 min at 4°C (SS 34 rotor; Sorvall Instruments Div., part of Dupont Co.), the thermostable supernatants were removed and brought to 10 ,aM in taxol and 1 mM in GTP. The thermostable extract was then mixed with DEAE-purified tubulin (5) from cow brain, or with MAP-stripped microtubules that had been previously prepared by polymerizing cow brain or mouse brain microtubule protein in the presence of 10/~M taxol and 0.5 M NaCI. After incubation for 15 min at 37°C, the mixture was centrifuged at 18,000 rpm for 30 min at room temperature through a 20% sucrose cushion made in 0.1 M Pipes, 1 mM MgCI2, 1 mM EGTA, 1 mM GTP, pH 6.9. The resultant pellet contained "hybrid" microtubules composed of thermostable MAP from mouse tissues, and cow or mouse brain tubulin. These pellets were subsequently used for derivatization with fluorophores. For derivatization, microtubule preparations were resuspended in 0.3 M 2-(N-morpholino) ethane sulfonic acid, 1 mM EGTA, 1 mM MgCI2, pH 6.6, (41) at room temperature. Final protein concentrations used ranged between 5-25 mg/ml, and recovery of labeled material at any of these concentrations was equivalent. MAP 2 preparations were derivatized with 1 ,al of 50 mM stock solution of 6-iodoacetamidofluorescein (6-1AF; Molecular Probes, Junction City, OR) in DMSO per milligram protein (approximate ratio of 3 mol IAF/1 mot of microtubute protein) and MAP 4 at a ratio of 10 ,al/mg protein (approximate ratio of 30 mol of IAF/I mol of microtuhule protein). After 10 min at room temperature in the dark, the reaction was terminated by the addition of DTT to a final concentration of 2 mM and NaCl to a final concentration of 0.8 M. The material was then passed over a G-25 or G-50 Sephadex column equilibrated in 0.3 M 2-(N-morpholino)ethane sulfonic acid, 1 mM MgCi2, 1 mM EGTA, pH 6.6, containing 0.3 M KCI to remove free dye. Pooled column fractions were brought to 2 mM DTT, boiled for 5 min, and then centrifuged at 18 K rpm for 30 min. The resultant supernatant was either used without further concentration (final protein concentration of 50-100 ,ag/ml) or was concentrated by the addition of saturated ammonium sulfate to 45 %. Pellets obtained following ammonium sulfate precipitation were resuspended in 0.3 M 2-(N-morpholino)ethane sulfonic acid, 1 mM MgCl2, 1 mM EGTA, pH 6.6, containing 0.3 M KCI and 2 mM DTT to volumes that resulted in final protein concentrations of 0.5-1 mg/ml. Ammonium sulfate precipitated material or column fractions were stored in liquid nitrogen, or for short term (up to 5 d) at 4"C. We found that removal of free dye by chromatography before boiling resulted in a much higher yield of active protein recoverable by ammonium sulfate precipitation than when protein was boiled in the presence of free dye, as described previously (41) . The labeling ratios of MAP 4 and MAP 2 prepared by the methods described above were estimated to be ,~1-2 mol IAF/1 mol of MAP (see below). Before injection, preparations were recycled onto taxol-stabilized microtubules made with purified tubulin. MAPs were then salt-stripped, boiled, and centrifuged. These further steps removed any derivatized MAPs that were inactive.
In Vitro Assay of Derivatized MAP
To test the activity of derivatized MAP, DEAE-purified tubulin (1-2 mg/ml) was mixed in varying ratios with derivatized MAP (0.1-0.2 mg/ml), and incubated in 0.1 M Pipes, 1 mM MgCI2, 1 mM EGTA, 1 mM GTP, pH 6.9, in the absence of taxol for 15-20 min at 37°C. The incubated material was then sedimented at 370C (18,000 rpm, SS 34 rotor; Sorvalt Instruments Div., part of DuPont Co.). The pellet and supernatant were analyzed on gels for the presence of tubulin and derivatized MAP. The pellet was resuspended in 0.1 Pipes, 1 mM MgCI2, 1 mM EGTA, 1 mM GTP, pH 6.9 + 10 ,aM taxol, and NaCI was then added to 0.5 M. After centrifugation at 18,000 rpm for 30 min, the resultant supernatant was assessed for MAP content.
Other Biochemical Procedures
Protein samples were analyzed on 5 or 7.5 % polyacrylamide gels containing SDS. Gels with fluorescent samples were photographed on a long-wave UV light box (667 film; Polaroid Corp., Cambridge, MA), and were then stained with silver (28) . Protein concentrations were determined using the assay from Bio-Rad Laboratories (Cambridge, MA). To estimate coupling ratios, the percentage of MAP in the purest preparations was determined from gel scans, and the amount of fluorescence in the sample was measured in a spectrophotometer by the OD at 490 nm. Photographs of fluorescent gels were scanned to confirm that the majority of fluorescence measured was that associated with MAPs.
Microinjection
PtKI cells or BSC cells were cultured on glass coverslips, and pressureinjected with fine glass capillary needles as described previously (40) . Purified protein for injection was prepared immediately before use by dialysis against PBS, followed by centrifugation in a microfuge for 10 min to remove aggregates. Cells were injected at either room temperature or at 37°C, and were then analyzed after incubation at 37°C for periods ranging between 10 rain and 24 h. Derivatized proteins were injected at concentrations between 20 and 500 #g/ml; this range of protein had no detectable effect on the dynamics of MAPs derived from FRAP experiments (see below).
Immunofluorescent Analysis of
Nocodozole-treated Cells
PtK1 cells were seeded onto coverslips on which the patterns from a finder grid had been shadowed with gold. All of the cells in selected hexagons of the grid pattern were injected with fluoresceinated MAP 2. Cells were allowed to equilibrate at 37°C between 30 rain and 4 h, and individual coverslips were then treated with 18 #M nocodozole for 1, 15, 30, or 60 rain. After fixation with -20°C methanol for 5 rain and -20°C acetone for 1 rain, coverslips were processed for indirect immunofluorescence using a monoclonal antibody to sea urchin tubulin and goat-anti-mouse IgG coupled to rhodamine. Random fields of uninjected cells were photographed and compared with cells that had been injected with fluoresceinated MAP 2.
In some experiments, cells injected with derivatized MAPs were fixed as above, photographed, and then processed for immunofluorescence with tubulin antibodies to compare the distribution of the injected MAP relative to microtubules.
FRAP Experiments and Data Analysis
FRAP analyses were carried out to examine the dynamics of MAPs in cells. Cells grown on coverslips were injected, and then mounted for observation in a sealed chamber containing tissue culture medium. Cells were analyzed at either 25-26°C or at 37°C. Temperature was maintained with an air curtain and monitored continuously with a thermistor mounted in the immersion oil on the microscope stage. Regions of injected cells were bleached for 50 or 100 ms with an argon ion laser as described previously (39, 40) . Images of injected cells were obtained with a video camera (IS1T; DAGE-MTI, Michigan City, IN), and photographs were taken from the video monitor. Images used for measurements of the cellular fluorescence intensity were collected using a video image processing system built by Hannaway and Associates (Boulder, CO). (For a complete description of the system, see Stemple et al. (46) .) The system allowed averages of successive video frames to be calculated and stored as digital video images during the course of a FRAP experiment. Typically, 64 successive video frames, each consisting of arrays of 512 x 480 pixels digitized with 256 gray levels, were averaged into a single image; this average corresponded to a time interval of 2.13 s. For metaphase cells, an image was recorded before bleaching, and a series of images was collected at 1, 7, 18, 25, 40, 80, 160, and 320 s postbleach. For interphase cells, the posthleach pictures were collected at 1, 10, 30, 60, 120, 240, 480, 720, and 960 s.
For analysis of FRAP experiments, the stored images were" first transformed on a pixel-by-pixel basis, allowing output voltage to be correlated directly with fluorescence intensity and thereby facilitating measurement of relative intensity from different parts of an image (46) . Transformed images were then analyzed by using interactive video graphics programs that allowed the definition of boundaries around the whole cell, the photohleached region, and for metaphase cells, the bleached and unbleached portions of the spindle. Within each region, the average pixel value was calculated and used for comparison with other regions. For interphase cells, the ratio between the bleached region and the whole cells was used. For metaphase cells, the average pixel value of the region outside the spindle was used as the background value of fluorescence in the cell, Ratios were calculated between the bleached half-spindle minus the background and the unbleached half spindle minus the background. The posthleach ratios were normalized to the prehleach ratio, which is assumed to be a measure of the steady state condition for that cell. The normalized ratios from successive time points were then used to describe the redistribution of fluorescence after bleaching. Half time and extent of redistribution were estimated by approximating the recovery with a function of the form: F = A (1 -e-a), fit to the data by the method of least squares. The extent of redistribution was estimated by the parameter A, and the half time was estimated from the parameter k using the formula: tv2 = In (2)/k.
Results
Preparation and Characterization of Derivatized MAPs
Fluorescence analogue cytochemistry depends upon the preparation of fluorescent proteins that are pure and retain activity. While this had been reported for MAP 2 preparations (41), we found it necessary to develop procedures for the study of MAP 4. In previous work (34), we had demonstrated that MAP 4 was present in a number of tissues from mouse. Heart, lung, and liver contain MAP 4, but not MAP 2, so these tissues were routinely used to prepare thermostable protein fractions for MAP 4 derivatization. When thermostahle extracts from these tissues or from microtubule preparations from cultured cells were mixed with pure tubulin or with salt-stripped, taxol-stabilized microtubules, hybrid microtubules were obtained that were greatly enriched in MAP 4. After derivatization and boiling, MAP 4 was the fluorescently labeled species in the soluble fraction. This material was then used for further assays.
To test whether the derivatized MAPs were biochemically active, we assessed their ability to bind to, and induce the assembly of, tubulin. The properties of derivatized and underivatized MAPs were indistinguishable in all of the in vitro assays used. As shown in Fig. 1 , A-C, preparations of derivatized MAP 2, MAP 4, or HeLa 210-kD MAP promoted the assembly of DEAE-purified tubulin to form microtubules containing bound MAP. Moreover, taxol could be added to stabilize these microtubules, and then the MAPs could be extracted from the microtubules by treatment with buffer Conraining 0.5 M NaCI. The ability of the derivatized MAP 4 to promote assembly was seen over a range of molar ratios of MAP/tubulin, and the MAPs were recovered in the pellet (Fig. 1, A-C, lane 3) . The conjugation of MAP 4 or HeLa 210-kD MAP with 6-IAF, therefore, appeared to have no detrimental effect on the known in vitro function of this protein, as had previously been shown in similar assays for a preparation containing MAP 2 (41) . Routinely, derivatized MAPs that were to be used for injection were bound to taxolstabilized microtubules made from purified tubulin, sedimented, and then released with salt (similar to sample seen in Fig. 1, A-C, lane 4) . Depending upon the volumes used, essentially all or a large fraction of the MAPs in the pellet were released by the salt treatment. In the preparations where this single wash did not appear to give complete recovery (pellet was still slightly yellow), the remainder of the derivatized material was released by rewashing the pellet. For preparations in which the derivatized MAPs bound efficiently to microtubules, there was little evidence for irreversible aggregation of the derivatized material. The resultant supernatant containing the MAPs released by salt treatment was boiled and centrifuged to obtain fully active soluble MAPs with no residual tubulin (Fig. 1, D and E). These highly purified preparations were used for all injections.
Several types of experiments were carried out to assess the extent to which laser irradiation might affect the behavior of derivatized MAPs. Aliquots of derivatized MAP 2 were bleached to 40-50 % of their original fluorescence and compared to unbleached material. Over a range of concentrations (fivefold ratio of MAP/tubulin), both types of preparations were equivalent in promoting the assembly of DEAEpurified tubulin. When microtubules containing derivatized MAPs were bleached in vitro, the MAPs were retained on the microtubules at levels equivalent to the unbleached sample. Bleaching at the high protein concentrations used in these in vitro experiments did result in some aggregation of the protein samples (<15 %, as assessed by comparing material trapped at the top of the gel in bleached and unbleached samples). However, the times required for bleaching of preparations in solution (seconds) were much longer than those used for the in vivo analyses (milliseconds). Experiments with tubulin (24) and red blood cell membranes (43) suggest that slow bleaching is more damaging to fluorescent proteins than fast. Therefore, even under conditions which were more likely to be damaging than those in the cell, the data suggest that the bleached MAPs were effective in promoting the assembly of tubulin, and that equivalent amounts of MAPs remained bound to microtubules, regardless of whether they were bleached or not.
Microtubules assembled from fluorescent tubulin in the presence of taxol disintegrate when illuminated by light that excites fluorescence (50) . This lability can be visualized by video-enhanced differential interference contrast imaging of microtubule preparations and is dependent on several experimental parameters. The photolability of microtubules formed from phosphocellulose-purified tubulin and fluoresceinated MAP 2 (molar ratio of 20:1) was therefore tested using conditions of illumination that cause taxol-stabilized microtubules made of fluorescent tubulin to dissociate within 25 s (2.5 megawatts/m 2, 488 nm light; see Vigers et al. [50] for details). After 450 s, the microtubules made of fluorescent MAP 2 and unlabeled tubulin had lost all their visible fluorescence, but were still intact as seen with videoenhanced differential interference contrast optics. Therefore, unlike microtubules assembled from fluorescent tubulin, microtubules containing fluorescent MAPs are not photolabile.
Distribution of Microinjected MAP In Vivo
The behavior of fluoresceinated MAPs from different sources was examined by injecting them into a variety of cell types and examining the resulting distribution of fluorescence. We found that the 210 kD HeLa MAP and MAP 4 from mouse tissues, L cells, or neuroblastoma cells showed essentially identical properties. Because these proteins represent species-specific homologues of the same MAP type (29, 34; R. West and J. B. Olmsted, manuscript in preparation), these proteins will be collectively referred to as MAP 4 in the following sections. In preliminary experiments, we found that the patterns and rates of incorporation of both MAP 2 and MAP 4 into a number of cell types (BSC, PtK1, Nb, Chinese hamster ovary, 3T3, HeLa) were similar. Our studies therefore concentrated on PtK1 cells in which both mitotic and interphase microtubule arrays could readily be visualized.
As shown in Fig. 2 , the arrangement of fluoresceinated MAP 2 or MAP 4 in interphase cells mimicked the patterns seen after injection of derivatized tubulin (39) or those obtained using indirect immunofluorescence with antibodies. Incorporation into these patterns was rapid. Microtubules at the perimeter of the cell were visible within 1-2 min in cells that had been injected close to the nucleus. As shown in Fig.  2 B, arrays of microtubules originating at the centrosomes, as well as those at the perimeter of the cell, were visible. MAPs injected into mitotic cells were concentrated in the spindle to levels above background within seconds of injection.
The rapid appearance of fluorescent arrays in either mitotic or interphase cells is interpreted as a further indication of the activity of the derivatized MAP protein. When preparations that were partially or totally inactive by assay in vitro were injected into living cells, very few microtubule-like patterns were observed. Instead, fluorescent material accumulalexl in small granules, presumably because of the uptake of the inactive protein into autophagic vacuoles. Ceils injected with active preparations retained visible fuorescent patterns for at least 24 h and proceeded normally through the cell cy- cle, whether injected during interphase or mitosis. Unlike the recent analyses of cells injected with derivatized tubulin (50), the MAP patterns remained stable over prolonged times of observation; these data are consistent with the in vitro evidence that the microtubules containing derivatized MAPs are not photolabile.
The fluorescence patterns suggested strongly that injected MAPs were associated with microtubules in vivo. This infer- After incubation with nocodozole, injected cells showed diffuse fluorescence (data not shown). After placing cells injected with MAP 2 into the cold for 3 h, diffuse fluorescence was also observed. After this treatment, however, fluorescence was concentrated in areas corresponding to microtubule organizing centers (centrosomes and spindle poles) in either interphase or mitotic cells (Fig. 3) . When cells were injected with fluoresceinated ovalbumin, only diffuse fluorescence was observed, suggesting that the centromeric localization was specific to the MAP. This apparent concentration of MAP 2 may occur because of actual redistribution of MAPs to the microtubule-organizing regions or because such distributions occur normally but are more readily visualized in the absence of the microtubule array. Upon rewarming, microtubule-like arrays originated from these centers (data not shown); similar findings have been reported by Vandenbunder and Borisy (49) . While the pattern of microtubule regrowth cannot be directly correlated with the distribution of MAPs in these experiments, our data suggest that MAPs become more evident at microtubule-organizing centers when the normal distribution of microtubules is disrupted.
Effect of Injected MAP on Microtubule Stability in Nocodozole-treated Cells
To determine whether injected MAPs perturbed microtubule distribution or stability, the immunofluorescent pattern of microtubules in control cells was compared with that in cells microinjected with fluoresceinated MAP 2 (Fig. 4) . As described in Materials and Methods, all cells within a given hexagon of a finder grid were injected with MAP 2 preparations identical to those used for FRAP analysis, and the presence of the customary pattern of fluorescent MAP was assessed by video imaging. After equilibration at 37°C, the coverslips were treated with nocodozole for various lengths of time. Both injected and control cells on any given coverslip were treated identically with respect to time of equilibration and of nocodozole exposure. The distribution of microtubules in injected cells fixed before nocodozole treatment (not shown) or after 1 min of treatment (Fig. 4, A and B) was similar, suggesting that the MAP neither augmented assembly, nor caused extensive rearrangement of microtubules. After 15 min of drug treatment, both control (Fig. 4  D) and MAP-injected (Fig. 4 C) cells showed a diminution in the number of microtubules and an increase in background fluorescence. After 30 min (Fig. 4, Eand F) , or 60 min (Fig.  4, G and H) of treatment, few microtubules were left in either injected or uninjected control cells; the most stable population of microtubules seemed to be a few remnant polymers emanating from the centrosomes. Examination of large numbers of cells indicated that the variation in microtubule patterns among different MAP-injected cells was not different from that seen among control cells, and that on average, the patterns in the two cell types were indistinguishable. These data suggested that injected MAP 2, in contrast to tan (reference 17; see Discussion) did not cause a detectable change in the stability of the microtubules to depolymerization.
Fluorescence Redistribution after Photobleaching
To examine the dynamics of MAP binding in vivo with more precision, FRAP analyses were performed. Several variables were examined in the course of collecting data on a number of cells; none appeared to have any effect on the dynamics measured. The majority of experiments were carried out on PtK1 cells, but results from other cells were similar. Further, MAP dynamics in cells that were observed within 10-15 min of injection were essentially identical to those observed between 3 and 24 h after injection. These data suggest that the parameters being measured were not dependent on a slow equilibration step and that a lengthy recovery after microinjection was unnecessary. The duration of the bleach (50, 100, or 300 ms) had little effect on the dynamics of recovery. Data were also collected using protein preparations that varied in concentration by as much as 10-fold (between 50-500/zg/ml for MAP 2 and 20-200 #g/ml for MAP 4). Variation in the dynamics seen at different concentrations was similar to that seen between different cells at a given concentration, suggesting that the dynamics measured were independent of the concentration injected over the ranges used. For MAP 4, no differences in FRAP rates were observed, regardless of whether the protein injected was isolated from the same species as the recipient cell (HeLa 210-kD MAP), or from a different species (mouse lung or mouse neuroblastoma or L cell MAP 4).
Images typical of those for analysis of interphase and mitotic cells injected with either MAP 2 or MAP 4 are shown in Figs. 5-9. A summary of FRAP data, analyzed as described in Materials and Methods, is presented in Table I . In all cases, the extent of fluorescence recovery after bleaching was to at least 85 % of the prebleach value, indicating that photobleaching did not perturb the exchange of derivatized MAP.
The redistribution of MAP 2 or MAP 4 in interphase cells was rapid, and the initial recovery of fluorescence into bleached areas was apparent within 10 s (Figs. 5 and 7) . These data are consistent with the qualitative observations on the rapidity with which newly injected MAP assembled into microtubule-like arrays throughout the cell. The fluorescence pattern that was reestablished after bleaching was similar to that seen before bleaching, suggesting that the laser beam did not noticeably disrupt the structure of the microtubules with which the MAPs were interacting. As shown in Table I , there were no significant differences in the redistribution half-times for MAP 2 as compared to those for MAP 4, given the range seen in various cells. However, the dynamics of either of these MAPs were 3--4 fold faster than those previously determined for tubulin using the same experimental system (40) (see Discussion) and the ranges of the values for tubulin and MAPs were essentially nonoverlapping. As measured by t test, the probability that the mean half-times for tubulin and either MAP 2 or MAP 4 arise from the same distribution is <0.005. These data suggest strongly that both MAPs exchange with the surface of microtubules in interphase cells.
To assess whether MAP redistribution might occur differently at regions near microtubule organizing centers, areas bleached at the perimeter of the cell were compared to those bleached near the centrosome. Although the abundance of microtubules at the cell center is greater than that at the perimeter, the redistribution half-times for MAP 4 in the two areas were similar. Qualitatively, MAP 2 appeared to have slightly slower redistribution at the perimeter of the cell than at the center, but statistically, the variability among the cell Figure 7 . MAP 4 redistribution after photobleaching in an interphase PtKI cell. An interphase PtK1 cells was injected with derivatized MAP 4, and pictures were recorded after photobleaching as described in Fig. 5 . Bar, 5 #m.
samples was suflicienfly large that this difference was equivocal. In neither MAP 2 nor MAP 4 injected cells was there any evident polarity to the recovery of fluorescence with respect to the position of fibers in the cell.
FRAP analyses of MAP 2 or MAP 4 in metaphase cells were also undertaken (Figs. 6 and 8) . The rates of redistribution for either MAP 2 or MAP 4 in metaphase spindles were rapid, being 3--4 times faster than the dynamics for the MAPs in interphase cells (Table I) . These data are consistent with the observation that spindles became fluorescent within seconds after injection of fluoresceinated MAPs. Similar rates of exchange have been found for fluoresceinated tubulin in both sea urchin (38) and mammalian (40) spindles. Thus, in contrast to results on interphase cells, both MAPs and tubulin in spindles at 37°C appear to exchange rapidly between structure-bound and free forms.
Experiments were carried out to examine whether cells in transition from mitosis to interphase showed a change in MAP dynamics. Injected MAP 4 associated rapidly with microtubules in midbodies (Fig. 9) . FRAP analyses demon- strated that MAP 4 exchanged almost as rapidly in this structure as in metaphase spindles (n = 4, t,~ = 28 :l: 6 s, range 24-37). This was a surprising result, since tubulin dynamics in the midbody are significantly slower than those observed for either metaphase spindles or interphase microtubule arrays, showing essentially no recovery of general fluorescence 5 rain after bleaching (39) . These data further support the idea that MAP and tubulin dynamics are separable and that both depend on cell cycle stage. Experiments were carded out to examine whether there was a change in the kinetics of MAPs in cells in which mitosis was slowed by lowering the temperature to 25-26°C (37) . Surprisingly, the rates obtained for MAPs at 260C were essentially identical to those obtained at 370C (Table I) ; further, the extent of fluorescence recovery was at least 90% for cells at either temperature. This is in contrast to data obtained for tubulin, which were more complex (46) . The rates of redistribution of tubulin were in the same range for cells at 26°C or 37°C, but the extent of redistribution in cells at 260C was significantly less than that at 370C (*60% as opposed to >90%). These data suggest that a population of microtubules has ceased to turnover quickly in the mitotic cells at 26°C. Mitotic MAPs on the other hand, exchange rapidly at either temperature, regardless of the dynamics of the microtubules with which they are associated.
Discussion
The value of fluorescence analogue cytochemistry for examining behavior of molecules in cells is dependent on the extent to which the fluorophore-conjugated protein retains properties typical of the underivatized molecules. As initially demonstrated by Scherson et al. (41) , MAP 2 can be conjugated with 6-iodoacemmidotluorescein and retain both in vitro microtubule binding and assembly promoting activities. In this report, we demonstrate that 6-IAF is also a suitable fluorophore for preparing active, derivatized MAP 4. Our assays have also demonstrated that the bleaching of fluoreseeinated MAPs has no effect on their observable activity in vitro. Further, prolonged bleaching of derivatized MAP complexed with microtubules does not affect the stability of individual microtubules, as assessed by video-enhanced microscopy. This contrasts with the recent finding that microtubules prepared with fluorescent tubulin disintegrate upon photobleaching in vitro (50) . Since the bleaching of derivatized MAPs does not detectably perturb microtubule integrity under similar experimental conditions, the dynamics observed with this material are likely to be a close approximation of the real rates of exchange of bound and soluble MAP in vivo.
Examination of cells microinjected with MAP 2 or 4 shows that these molecules equilibrate rapidly into arrays resembling those seen both with injected 5-(4,6 dichlorotriazinyl)aminofluorescein tubulin and by immunofluorescence with tubulin antibodies. We as well as others (18, 41, 49) have shown by immunofluorescence that microinjected MAPs of various types associate with microtubules in situ, regardless of whether or not the MAPs injected occur naturally within the types of cells injected. For example, PtKI cells (22) and BSC cells (7) contain protein antigenically related to the 210-kD HeLa MAP, but there is no evidence for the presence of MAP 2 in either of these cell types. Nonetheless, both these MAPs will bind to microtubules in vivo, and they show similar rates of FRAP. Thus, it may be that certain functionally important regions of these molecules, such as the microtubule binding domain, are conserved in vivo. Such a conserved domain might be significant in explaining why the dynamics of these different MAPs are all similar, irrespective of their origin.
An alternative explanation for the distributions seen is that the injected MAPs bind to endogenous MAPs already bound to the surface of microtubules. The rapid half-times of exchange could then be because of low affinity interactions between MAPs, rather than bonds with the microtubule surface. Although there is currently no way to assess the MAP composition or saturation binding of microtubules in vivo, at least two arguments suggest that this hypothesis could not explain all of the data. First, we (J. Sterner and J. B. Olmsted, unpublished results) have recently microinjected the projection domain of derivatized MAP 2. This fragment, which lacks the microtubule binding domain, does not localize to microtubules, suggesting that interactions with MAPs on the surface of microtubules does not account for the patterns seen with intact MAP 2. Further, one can make a rough calculation, at least for MAP 4, as to whether there are sufficient microtubule binding sites for the injected MAPs even in the presence of the endogenous pool. Most cells contain ,x,3-4 pg of tubulin at 2 mg/ml; •50% of this is polymer (21). Assuming that 10% of the cell volume was introduced into the cell during a normal injection, a maximum internal concentration of added MAP in the range of 20-50 #g/ml would be achieved. We have estimated the cellular concentration of MAP 4 in differentiated neuroblastoma cells, which contain high amounts of this MAP to be *10/~g/ml, and in vitro assays suggest saturation for this protein is ,,~1 molecule/100 tubulin dimers (J. B. Olmsted, unpublished results). These data suggest that adequate microtubule binding sites exist for the exchange of the MAPs, whether heterologous or homologous, on the surface of the microtubules.
Given the assembly-promoting properties of MAPs in vitro, one might predict that the monomer-polymer distribution of the tubulin pool in vivo would be perturbed by an increase in the cellular concentrations of MAPs, and obvious changes in microtubule-based events would result. However, Vandenbunder and Borisy (49) noted that injected MAP 2 does not alter the duration of any mitotic stage, nor the transition from interphase to prophase and the formation of daughter cells. We too saw no ch.ange in cellular microtubule arrangement or microtubule-dependent function following injection of either MAP 2 or MAP 4. Further, as shown by our experiments as well as those of others (41, 49) , MAPdecorated microtubules are still labile to disruptive treatments, indicating that an increased cellular concentration of these MAPs has no perceptible effect on microtubule stability. There are at least two likely interpretations of these results. One is that the cell can tolerate minor changes in tubulin monomer-polymer pool without parameters measurable in these experiments being affected. Alternatively, the cell may adjust the affinity of MAP 2 or 4 for microtubules to achieve an amount of polymer that is appropriate for norreal cell behavior.
In contrast to these data on high molecular weight MAPs, Drubin and Kirschner (17) have reported that tau protein injected into cells augments both the extent of assembly and stability of microtubules. MAP 2 and tau have recently been shown to share a microtubule-binding motif (25) , so one might expect these two proteins to have similar interactions with microtubules. One possible explanation for the differences in the stabilization properties of these two molecules is that the experiments with tau were carried out with underivatized molecules, whereas ours were carried out with derivatized MAP 2. Although all of the in vitro criteria suggest that the derivatized MAP 2 is similar to the underivatized molecule, subtle alterations in structure that affect the cellular behavior cannot be ruled out. However, there are several lines of experimental evidence to corroborate the idea that the interaction of tau and MAP 2 with the microtubule surface may be significantly different. For example, kinetic analyses (9, 14) suggest that MAP 2 is important in the formation of oligomers early in assembly, whereas tau appears to bind preferentially to formed polymers (12). Connolly and Kalnins (13) noted that proteins reacting with tau antibodies were not as readily removed from permeabilized cells as those reacting with antibodies to the high molecular weight MAPS. Both Scherson et al. (41) and we (unpublished results) have noted that it is more difficult to visualize injected MAP 2 once cells are permeabilized. In contrast, the injected tau molecules appear to be tightly associated with microtubule arrays after fixation and permeabilization (17) . The two classes of MAPs also show different stabilities in situ. MAP 2 or MAP 4 can be seen bound to microtubules for at least 24 h after injection (these data); in contrast, Drubin and Kirschner (17) noted that tau could not be visualized 3 h after injection, presumably because of degradation. It will be useful to extend these immunofluorescence analyses with FRAP data to determine whether these two classes of MAPs show further differences in vivo.
We have shown that the turnover rate of MAPs 2 and 4 during interphase exceeds that of tubulin, as measured by FRAE by about threefold, suggesting that MAPs exchange with the microtubule surface in vivo. However, since it has now been shown that the estimates for tubulin exchange established by FRAP analyses may be complicated by perturbations of the derivatized molecules by photobleaching (50), examination of rates of turnover for tubulin established using other procedures are important to consider. In cells treated with nocodozole, half-times for disassembly of tubulin have been estimated as 95 s for PtK1 cells, and 160 s for BSC cells (L. Cassimeris, E Wadsworth, M. Tioran, E. D. Salmon, unpublished results). These may actually be underestimates of the tubulin disassembly rates. Recent in vitro work indicates that in low concentrations of polymerizable tubulin, the rapid shortening phase of microtubule dynamic instability is rarely rescued, while rescue at steady state is common (53) . Studies in which microtubule dynamics have been followed after injection of biotinylated tubulin into interphase BSC cells have indicated that microtubules turn over with half-times of >300 s (42) . Thus, regardless of the method that has been used for analysis, the turnover half-times for tubulin appear to be at least 2-4 times longer than those that we have measured for MAPs 2 and 4. Interphase MAPs must therefore be exchanging with microtubules. Even with these slow rates for tubulin, however, one might be concerned that the injected MAPs perturb the turnover of tubulin, so that the MAP turnover in MAP-injected cells might be showing only microtubule behavior. Our data suggest, however, that the injected MAPs do not change the stability of the cell's microtubules. Even if some subtle form of tubulin stabilization results from the injection, the dynamics for tubulin should be slowed by the presence of exogenous MAPs. There may be, therefore, an even greater difference between MAP and tubulin dynamics in interphase than is suggested by a comparison of our studies with published work on tubulin in the same cells (40) .
The dynamics for MAP 2 that we observed in interphase cells were approximately fivefold faster than those reported by Scherson et al. (41) . Some of this discrepancy may arise from differences in the extent of derivatization that affect the properties of the protein, the purity of the preparations injected, or the way in which the data were analyzed. However, it is evident that the recovery observed by Scherson et al. (41) in neurites of neuroblastoma cells (e.g., Fig. 7 in reference 41) was enough slower than that observed for microtubules in the perimeter of PtK1 cells (Fig. 5) that the data are incompatible. An interesting possibility for these differences is that neurite microtubules may be more stable than the polymers in dividing cells, and that this stability may be reflected in MAP dynamics. For example, microtubules in the neurites of highly differentiated PC12 cells are more stable to depolymerization than those in less differentiated cells (3) and biochemical assays have demonstrated that this parallels an increase in the synthesis of endogenous MAPs during differentiation (15, 16, 17) . More detailed analysis of tubulin and MAP dynamics in cycling interphase cells versus those that are terminally differentiated should determine whether differentiation affects cytoskeletal protein dynamics.
There is a significant increase in the turnover rates of MAPs and tubulin upon entry of cells into mitosis. In metaphase cells analyzed at 37°C, both MAP 2 and MAP 4 showed dynamics with half times 3-4-fold faster than those for interphase cells. Such rates are similar to those obtained for the exchange of DTAF-tubulin in spindles (40, 52) . We found, however, that the dynamics of tubulin and MAP molecules could be separated into readily distinguishable behaviors under conditions where the microtubules to which the MAPs are bound are stabilized by natural (the midbody) or experimental (metaphase cells at 26°C) conditions. Fast exchange of MAP 4 with static microtubules is seen in the midbody, while the tubulin in this structure exchanges extremely slowly (39) . Further, at 25-26°C, the progression of PtK1 cells through mitosis is slowed by a factor of 8-12 (37) . Both we (this report and reference 46) and Wadsworth and Salmon (52) have found that the extent of tubulin exchange also decreases with temperature. From an analysis of the rate curves, Stemple et al. (46) have suggested that there is a population of microtubules in the spindle that are as dynamic as those in spindles at 37°C, but that there is another population that is static over the time course of the experiments. Our data demonstrate that both MAP 2 and MAP 4 could exchange equally rapidly with both of these populations. These results suggest that there is a spectrum of tubulin dynamics from prophase to cytokinesis, and that the cell can alter the bonds between MAPs and microtubules to modulate the rates of MAP binding and release.
The FRAP analyses demonstrate that the dynamics of MAPs and tubulin are both modulated as a function of the cell cycle. This modulation acts on all the types of MAPs we injected, suggesting that the cell is capable of modifying the interaction of microtubule-binding proteins with microtubules independently of their natural occurrence in the cells. This could mean either that the cell modifies the tubulin, not the MAPs, or that the MAPs studied share properties that make them substrates for the modification system.
The question still remains as to whether MAP and tubulin dynamics are causally linked in cells. The bulk of in vitro experiments have led to the concept that MAPs promote tubulin assembly, and stabilize formed microtubules. Our data indicate that MAPs do not parallel tubulin dynamics at all stages of the cell cycle, and that the rates of association and dissociation of MAPs with microtubules may not be causally linked to the behavior of the tubulin subunits. How these more subtle interactions may be regulated should be directly testable by examining the behavior of injected fragments of MAPs, or modified MAPs, on the dynamics of both MAPs and tubulin in vivo.
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